We have isolated a genomic clone encoding tomato TAS 14, a dehydrin that accumulates in response to mannitol, NaC1 or abscisic acid (ABA) treatment. A fragment of tas14 gene containing the region from -2591 to +162 fused to ¢/-glucuronidase gene drives ABA-and osmotic stress-induced GUS expression in transgenic tobacco. Histochemical analysis of salt-, mannitol-and ABA-treated plants showed GUS activity mainly localized to vascular tissues, outer cortex and adventitious root meristems, coinciding with the previously observed distribution of TAS 14 protein in salt-stressed tomato plants. In addition, GUS activity was also observed in guard cells, trichomes and leaf axils. Developmentally regulated gus expression was studied in unstressed plants and found to occur not only in embryos, but also in flowers and pollen. Tas14 expression in floral organs was confirmed by northern blots of tomato flowers.
Introduction
Water stress causes important developmental and physiological changes in plants. These changes are, at least in part, the result of the induction and repression of a number of genes. The cloning and sequencing of these genes is an important step for clarifying the response of plants to water stress at the molecular level. Many genes have been shown to be responsive to water deficit [reviewed in 6, 7, 29] . An important group of them is formed by dehydrins, a protein family that is structurally characterized by the presence of a conserved lysine rich-block that is reported from once to many times [9] . Some dehydrins were originally described as being expressed during late stages of embryogenesis, coinciding with the desiccation of the seed, and down-regulated upon germination [3] . A general characteristic among dehydrin and other dehydration-induced genes is that they can be induced by the exogenous application of ABA. This
The nucleotide sequence data reported will appear in the GenBank, EMBL and DDBJ Nucleotide Sequence Databases under the accession number U26423. observation, together with the increase in endogenous ABA that occurs in water-stressed tissues, suggested a crucial role for ABA in regulating gene expression under drought and salinity [29] . Still, several reports have described genes that are induced by water deficit, but are unresponsive to exogenous ABA treatment [14, 38] , indicating the existence of both ABA-dependent and ABA-independent signal transduction cascades leading from the stress perception to the induction of the specific genes. Promoter analysis have led to the characterization of cis-acfing elements that are involved in the regulation of different ABAand osmotic stress-responsive genes [reviewed in 11] . Both ABA-responsive [15, 20, 22, 26, 27] and ABAindependent stress-responsive elements [40] have been described.
We previously isolated and characterized a tomato cDNA, tasl4, that shares expression and sequence characteristics with other dehydrin genes from different species [12] . The protein encoded by this gene is present in various phosphorylated forms and it was found by immunocytochemistry to be localized both in the cytosol and, preferentially, in the nucleus [13, 32] .
In this work, we study the structure ofmsl4 gene and its environmental, development-and tissue-specific regulation, using a translational fusion of tasl4 promoter with the fl-glucuronidase (gus) reporter gene.
Isolation and sequence analysis of tasl4 gene
Genomic clones encoding the tomato TAS 14 protein were isolated by screening a genomic library constructed in the AEMBL3 vector using TAS14 cDNA as probe. Several clones differing in length and with overlapping restriction maps were isolated. One of them of 16 kb, containing the tasl4-coding region in the central part was chosen for further analysis. A 3.8 kb ClaI/PstI fragment was subcloned and sequenced ( Fig. IA, B) .
The coding region and introns in this gene were determined on the basis of the nucleotide sequence of the TASi4 cDNA clone [ 12] . The isolated clone contains no discrepancies with the cDNA sequence previously reported, indicating that this gene is transcribed in vivo.
The open reading frame is interrupted by a 216 bp intron with conserved GT-AG intron border sequences. Position + 1 was assigned to the transcription start site, determined by primer extension of mRNA from leaves of salt-stressed plants. A putative TATA box is found 27 bp upstream from this site, as well as motifs corresponding to the auxiliary transcription factors apl and spl at -384 and -462, respectively. A 37 bp inverted repeat sequence, interrupted by 3 bp, is located at -752. Several cis-elements that are necessary for gene activation by ABA or dehydration have been identified [reviewed in 11 ] . A search for these elements in the tasl4 promoter revealed the presence of several ACGT sequences, core of elements that are specific for the binding of basic region-leuzine zipper (bZIP) transcription factors [reviewed in 10], a CEl-like element (TAACACCTG) at -81 [28] , and a DRE-like element at -154 [40] . Sequences related to the myb recognition elements were also found at -132, -480 and -643, what could indicate the involvement of transcription factors of this family in the regulation of tasl4 gene. Interestingly, the Arabidopsis thaliana Atmyb2 gene, homologous to the myb family genes, presents an expression pattern similar to tasl4: it is induced by drought stress, high-salt conditions and exogenous application of ABA, but not upon cold or heat stress [33] . The assessment of the possible role of these sequence elements in tasl4 activation by ABA and osmotic stress will come from the detailed functional dissection of the promoter.
Tasl4 promoter responds to salt, mannitol and ABA A fragment of tasl4 gene containing the region -2591 to +162 was fused to the coding region of the gus gene and the nopaline synthase 3' regulatory sequence (tasl4-gus). Replicas of twelve independent kanamycin-resistant transgenic plants, that were confirmed to harbor the gene fusion by Southern blot and PCR analysis, were grown hydroponically and treated with mannitol, ABA or NaC1. Figure 2 shows the GUS activity determined in roots, stem and leaves of treated and untreated plants. Untreated plants harboring the tas-gus gene had 3-to 5-fold the activity of the plants transformed with a promoterless gus gene, indicating the existence of a basal activity of tasl4 promoter in the absence of stress in tobacco. However, a drastic increase in GUS activity was observed after all treatments and in all organs analyzed. Maximal GUS activity was found after mannitol treatment, which induced an increase over untreated plants of 400-, 290-and 162-fold in root, leaf and stem, respectively. GUS activity in roots was higher than in stems and leaves for every treatment, but especially in ABA-treated plants.
Control and treated 4-day-old T1 seedlings from 7 independent transgenic plants were also analyzed for the expression of the transgene. GUS activity in these seedlings was induced by treatment with mannitol, NaC1 or ABA to similar levels ( Fig. 2B) , showing that tasl4 promoter is responsive to these treatments in germinating seedlings as well as in mature plants.
Expression of tasl4 and other dehydrin genes is known to occur in seeds [7, our unpublished results] . GUS activity was high in mature seeds (Fig. 2C ), but declines upon germination, having already reached basal levels by day 4 (Fig. 2B ). Very low activity was detected in transformants harboring promoterless gus constructs (Fig. 2C) .
The induction of GUS activity by NaC1, mannitol and ABA treatments in both plants and seedlings of tobacco harboring the construct, indicates that the fused tasl4 gene fragment contains all necessary elements for both stress and ABA regulation. To the best of our knowledge, CDeT6-19 from Craterostigma plantagineum is the only other dehydrin gene whose promoter is activated in transgenic vegetative tissues .At
Ss Ss

I,I
PK P with 170 mM NaCI, 300 mM mannitol or 0.01 mM ABA. For GUS activity, stem and leaf pieces were collected from the fourth expanded node from the shoot apex; the basal one-third of the leaf, excluding the midrib, was used. Data are shown as the mean and SD of GUS activity of at least 10 independent transformants. Values obtained with extracts from untreated transformed plants are also shown. B. GUS activities of transgenic seedlings treated with NaCI, mannitol or ABA at the same concentrations described above. Data represent the mean and SD of GUS activity of 7 independent transformed plants (about 150 seedlings from each transformant were used in the assays). C. GUS activities of seeds from tasl4-gus (T) and from promoterless-gus (C) transgenic plants. For the fluorometric GUS assay, extracts were prepared from different tissues and GUS activity of the supernatant was measured, essentially as described by Jefferson et al. [16] . GUS activity was normalized to protein concentration for each crude extract and calculated as pmol of 4-methylumbelliferone produced per minute per milligram of soluble protein.
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upon both desiccation and ABA treatment [24] . Promoters of rice rabl 6 genes failed to respond to ABA or desiccation in vegetative tissues of transgenic tobacco, although they could drive expression during embryogenesis [39] . Maize rabl7 promoter did respond to water stress or ABA treatment in 6-day-old tobacco seedlings [35] but not in 20-day-old Arabidopsis seedlings [34] . Therefore, tasl4-gus system provides an exceptional tool to study dehydrin gene expression upon osmotic stress and ABA treatment in mature plants. In fact, the responsiveness of tasl4 promoter to ABA and stress seems to be generally higher in mature plants than in young seedlings. It must be noted that the levels of GUS activity observed, specially after mannitol treatment in mature plants, might exceed in an order of magnitude the values obtained with the CaMV 35S promoter.
Tissue-specific expression of tasl4-gus gene in mannitol-, salt-and ABA-treated plants
The tissue specificity of tasl4-gus gene expression in transgenic tobacco plants was analyzed by histochemical staining of GUS activity. Ten independent transformants were analyzed; differences among transformants were mainly quantitative, as reflected in the different times of incubation needed to get a visible staining. Only minor qualitative differences were observed regarding the staining of specific tissues.
The histological distribution of GUS activity was very similar after mannitol, NaC1 or ABA treatments. Activity was found in the vascular bundles throughout the root, but was absent in the root tip (Fig. 3A, B) . Transverse sections through the lowest part of the stem revealed GUS activity localized to the vascular system (Fig. 3C) . Interestingly, adventitious root primordia were either heavily stained or not stained at all (Fig. 3D) . No obvious relation to their developmental stage or position within the plant could be observed. In stems and petioles, gus expression was detected in the epidermis and outer cortex and associated to the vascular bundles (Fig. 3E, F) . Leaf axils, seen in longitudinal sections through the shoot apex, showed very high levels of GUS activity, as indicated by the short times of incubation (30 min) needed for their staining (Fig. 3I) . In leaves, GUS activity was observed in the vascular tissues and the epidermis, being highest in stomatal guard cells and in the apical cells of trichomes (Fig. 3G, H) . In NaCI-, mannitol-and ABA-treated 4-day-old seedlings, GUS activity was detected in the root-hypocotyl junction (Fig. 3J) ; in older seedlings with fully expanded cotyledons activity was mostly localized to the root, excluding the root tip, being low in the cotyledons and absent in hypocotyls (Fig. 3K) .
A good general correlation was found between the accumulation of TAS 14 protein in tomato and the activity of tasl4 promoter in transgenic tobacco. Those tissues, accumulating TAS 14 protein in salt-treated tomato plants (adventitious root primordia, vascular tissue, outer cortex) [13] also showed GUS activity in treated transgenic tobacco plants. In addition, GUS activity was observed on leaf axils and in vascular bundles of roots. As mentioned above, GUS expression in roots reflects TAS14 mRNA accumulation in salt-treated tomato roots, although this was not correlated with TAS 14 protein levels [ 13] . Stressinduced promoter activity in stomata and trichomes has also been observed for other stress-responsive promoters. Expression in stomatal guard cells of leaves in 457 response to both exogenous ABA and drought stress has been reported for the dehydrin CDeT6-19 gene from C. plantagineum [30] and for dehydration-and cold-induced genes kinl and cor6.6 [36] . Expression in trichomes was also conferred by kinl, cor6.6, rd29A and osmotin promoters [ 18, 36, 41 ] .
Developmental regulation of tasl4-gus in transgenic tobacco plants
GUS activity in organs of untreated plants at different developmental stages was also analyzed. Vegetative tissues of these plants did not show histochemically any GUS activity, except for a weak staining of leaf axils. However, the fused tasl4 fragment drives gus expression in various floral organs. At the early stages of flower development, from 8 mm buds to flowers just before opening, staining was only detected in the stigma (Fig. 3L, M) . In fully opened flowers, anthers, calyx and corolla were also stained (Fig. 3N, O, P) . Stain in petals and sepals was restricted to the stomatal guard cells and the apical cell of trichomes (Fig. 3Q,  R) . In contrast to what is observed in stressed vegetative organs, expression in flowers is not associated to the vasculature. Staining of the receptacle was observed in 3 out of 11 transformants analyzed. Ovules and placental tissue did not show any GUS activity. Pollen grains were stained after only 10 min of incubation with the/3-glucuronidase substrate (Fig. 3S) , indicating a very high GUS activity. Although GUS artifacts, associated with the histochemical GUS activity assay have been reported [23] , the staining of pollen grains in a GUS assay mixture with 20% methanol eliminates the intrinsic GUS activity in tobacco plants [19] . Furthermore, pollen grains from plants transformed with GUS-coding sequence alone (without promoter) did not stain at all. In mature seeds, GUS activity was restricted to the embryo (Fig. 3T) . Activation of tas14 promoter during embryogenesis occurred rather late since staining of seeds was never observed in sections of undesiccated fruits.
The expression of tas14 gene in floral organs was confirmed by northern blots of tomato flowers. Tasl4 mRNA accumulated during flower development from unopened floral buds to 5 days after anthesis and was detected in all floral organs in fully opened flowers; levels were highest in pistils and anthers and lower in petals and sepals (Fig. 4) , correlating with the intensity of GUS staining observed in these different organs. [ 16] , with the modifications proposed by Koltunow et al. [ 17] .
Expression in the late stages of embryogenesis is a c o m m o n characteristic a m o n g dehydrins and it has also been shown by the promoter analysis of several dehydrin genes [24, 34, 39] . Differences exist, however, in the spatial distribution of this activity in seeds: while rabl6, CDeT6-19 and tasl4 promoters drive gus expression only in the embryo [24, 39 this report], rabl 7 drives it in both endosperm and embryo [34] . Very high levels of G U S activity were driven by tasl4 promoter in pollen, a feature that has also been reported for Craterostigma dehydrin CDeT6-19 [24] and for dehydration-induced CDeT27-45, osmot-sion? Are developmental factors interacting with environmental ones to determine the stress-induced expression of tasl4 in specific tissues and cell types? Is the developmentally-regulated expression of tas14 always related to dehydration? The functional dissection of tasl4 promoter, currently under investigation, will hopefully provide some answers to these questions. in, cor15a, kin1 and cor6.6 promoters [4, 18, 25, 36] . Both embryos and pollen are desiccated structures and the expression of dehydration-induced genes might be related to this fact. Expression of tasl4 in sepals and petals could be related to the accumulation of endogenous A B A during flower senescence, a p h e n o m e n o n that has been reported to occur in petals of roses [5] and carnation [9] . The promoter of the osmotin gene was also active in corolla tissue at the onset of senescence, although with a more generalized spatial pattern [ 18] . Tas14-driven GUS expression in the stigma is very high, starting early during flower development, and correlates with the high levels of TAS 14 m R N A detected in tomato pistils. Other stressrelated genes, such as proteinase inhibitor [1] , nsLTP [31, O. del Pozo, unpublished results], chitinase [21] and hydroxyproline-rich glycoprotein [37] , are also expressed in the stigma. These genes are induced in response to pathogen attack or wounding and are hypothesized to have defensive roles. Their expression in floral tissues is interpreted as a preventive measure that would protect reproductive structures against pathogens. Tas14 expression in flowers might have a similar role, providing anticipated protection from desiccation.
The results discussed above raise some interesting questions concerning the regulation of tasl4 gene. Is stress activation of tas14 promoter mediated by A B A or are there ABA-independent signal transduction pathways leading from stress perception to tas14 expres-
